Large-Mode-Area (LMA) fibers are key elements in modern high power fiber lasers operating at 1 µm. LMA fibers are highly ytterbium-doped and require a fine control of the core refractive index (RI) close to the silica level. These low RI have been achieved with multi-component materials elaborated using a full-vapor phase Surface Plasma Chemical Vapor Deposition (SPCVD) process, enabling the fabrication of large core diameter preforms (up to 4 millimeters). Following the technology demonstration, presented in Photonics West 2017, with results on 10/130 (core-to-clad diameters (in µm) ratio) fibers, this paper aims to present updated results obtained for double-clad 11/130, 20/130 and 20/400 LMA fibers, with numerical apertures at, respectively, 0.08 and 0.065. The study is based on aluminosilicate core material co-doped either with fluorine or phosphorus to achieve optimal radial RI tailoring. The fiber produced exhibit low background losses (<20dB/km at 1100nm) and high power conversion efficiencies, up to 74% for output powers of 100W limited by our test setup. The Gaussian beam quality has been evaluated using the M² measurement. Photodarkening behavior will be discussed for both fluorine and phosphorus-doped aluminosilicate materials and particularly the use of cerium as codopant. The SPCVD technology can indeed be used for the production of Yb-doped LMA fibers. Current development is now focused on other rare-earth doped fibers.
INTRODUCTION
Since the first demonstration of a laser emission in 1960 by T. Maiman 1 , lasers represent a major lever of the scientific progress in the photonic world. They enabled the rise of new technolo447 2802gical applications in various fields: materials cutting 2 and welding, medicine 3 and defense 4 . Fiber laser technologies have been first put aside by intense activities on crystal or gas lasers. After the fabrication of a first low-attenuation neodymium-doped-silica optical fiber core and its use as a laser cavity in the nineties 5 , research and development on fiber lasers have intensively grown. The large ratio of surface-to-active volume of optical fibers led to excellent heat dissipation 6 and a good spatial distribution of the signal, resulting in nearly Gaussian beams and higher stability 7 . Ytterbium-doped silica with double-clad design are currently widely used for high power applications. Silica is of great interest as a host for ytterbium ions (and more generally for rare earth (RE) ions), because it leads to a broadening of the RE ion emission and absorption spectra compared to the similar crystal host, and consequently enables a more efficient optical pumping 8 (at around 915 or 976nm in the case of ytterbium-doped optical fiber cores). Nowadays, tendency is to continuously increase output powers. When the power extracted from the fiber increases, deleterious non-linear effects are observed. In order to push their appearance threshold back, smaller lengths of fibers are used, and therefore core diameters are increased to lower the optical density. Finally, the refractive index (RI) of the core is decreased close to the clad RI in order to keep an almost single mode signal. These high power-tailored optical fibers are commonly named as large-mode-area (LMA) fibers.
In a previous paper 9 , we have presented an innovative process named Surface Plasma Chemical Vapor Deposition (SPCVD) and we have suited it to the fabrication of fibers with 10µm core diameters and compositions (SiO 2 -Al 2 O 3 -Yb 2 O 3 -F) that were not accessible with the standard MCVD process, while precisely controlling the dopant incorporation both radially and between consecutive preforms. In this paper, we present our latest results on 11µm core diameter fibers and on 20µm LMA fibers synthesized using our custom-made SPCVD process. Fibers of various core compositions (SiO 2 -Al 2 O 3 -Yb 2 O 3 -F and SiO 2 -Al 2 O 3 -P 2 O 5 -Yb 2 O 3 ) are studied regarding their attenuation, their power conversion efficiency and their resistance to photodarkening.
PREFORM FABRICATION

Presentation of the SPCVD process
First described by Pavy et al. in 1986 10 , the SPCVD process was used for the production of telecommunication single mode fibers. The technology is based on a low-pressure microwave (2.45GHz) plasma used to dissociate a mixture of chloride, Freon gases and oxygen, in order to generate oxidation reactions at the inner surface of a synthetic silica tube. The tube is placed at the center of a tubular furnace heated at about 1100°C in order to get a vitrified deposit. By positioning the silica substrate tube under vacuum conditions, the ignition of a microwave discharge is possible. The microwaves propagate along the inner surface of the dielectric substrate tube thus supporting the plasma column: the plasma is self-sustained. But the amplitude of the electromagnetic field decreases from the point of application of the plasma to the end of the column, and so does the concentration of electrons. The plasma column subsists only above a critical concentration of 4.31x10 11 electrons.cm -3 , 11 . The reagents used in this paper for the deposits are: SiCl 4 , AlCl 3 , YbCl 3 , P 2 O 5 , CeCl 3 and C 2 F 6 . The deposit takes place on the first centimeters of the plasma column (Fig. 1) . Since the microwave power applied dictates the length of the plasma column, by modulating this power, the deposit area can be shifted forward and backward in order to get a total length of deposit of several hundred millimeters. The plasma scanning frequency used in our experiments is 0.5Hz and we successfully synthesized a vitrified deposition of 400mm length in a 16x20mm (IDxOD) tube, where each glassy layer deposited has a thickness of several tenths of nanometers.
Evaporation of aluminum and rare earth chlorides
We use 5N purity anhydrous aluminum chloride (AlCl 3 ) as a precursor for aluminum, and the reagent is placed into a silica reactor. By heating the precursor in an oven at 100°C at around 1mbar, the vapors are generated and carried out to the plasma reaction area by way of an inert gas. A high temperature mass flow controller is located in the oven in order to properly control the amount of aluminum delivered to the reaction zone to ensure repeatable layer composition. We use 4N purity anhydrous ytterbium and anhydrous cerium chlorides as precursors for ytterbium and cerium respectively. The reagents are placed into two quartz reactors located close to the reaction zone (Fig.2) . The temperature of each reactor is controlled independently. By heating the precursors at around 800°C and 1mbar, the vapors are generated and carried out to the plasma reaction area by way of an inert gas. A great care has been taken to design the reactor such as to prevent any gas (and especially oxygen) to come into contact with the rare earth chloride powders during the deposition time. A simplified set-up (with only the evaporation of ytterbium chloride) is presented in Fig. 2. 
PREFORM AND FIBER CHARACTERIZATIONS
Refractive index and chemical composition
The refractive index profiles (RIP) of the cores have been obtained using a PK2600 (Photon Kinetics) preform analyzer, scanning the preform both radially and longitudinally with a He-Ne light beam at 633nm.
The chemical composition of the cores has been analyzed using an electron microprobe Cameca SX100 (15kV, 50nA), at the CAMPARIS department of the Pierre et Marie Curie University. The analysis has been made on slices of the preform, previously polished and metallized.
Attenuation
The attenuations of the cores presented in this work have been measured at 1310nm using the well-known Optical Time Domain Reflectometry method.
Power conversion efficiency and M² coefficient
In order to test our Yb-doped active cores synthesized by the SPCVD process, we used the laser cavity set-up presented in Fig. 3 . Up to six 30W multimode pump diodes were used to inject power at 915nm in the double-clad Yb-doped fiber under test. The power of each multimode pump diode is first combined in a passive double-clad fiber through a pump combiner (LasFiberio). The Yb-doped fiber under test is spliced between two fiber Bragg gratings, R max and R min (made at iXblue photonics). R max reflects more than 99% of the laser signal at 1064nm (and delivers 98.5% of the pump signal at 915nm) whereas R min reflects around 9% of this signal, which enables to create a continuously-pumped laser cavity. The power conversion efficiency (PCE) is defined as the ratio between the output power at 1064nm and the absorbed pump power at 915nm.
For the evaluation of the laser beam quality, the M² parameter is measured and enables to quantify the deviation of the emitted beam from a perfect Gaussian beam (M²=1.0). The emitted beam at the output of the laser cavity is then focused on a beam analyzer (Ophir). 
Evaluation of photodarkening phenomenon
Photodarkening (PD) is a well-known detrimental effect in aluminosilicate ytterbium-doped optical fiber 12 impeding fiber laser lifetime. It can be appreciatively reduced by co-doping with cerium 13 in aluminosilicate fibers or using a phosphosilicate 14 or an aluminophosphosilicate 15 core composition with an equimolar Al/P atomic ratio.
We measured PD using a classic setup by core-pumping a short length of fiber at 976nm and measuring the fiber transmission at 635nm (Fig. 4) . Indeed, it is known that colored-centers appear due to the pump signal and lead to strong absorption bands below 700nm 16 .
RESULTS
The characterizations and results on our SPCVD-made fibers are presented in two parts. The first one focuses on fibers with 11µm core diameter and 130µm clad diameter, and the second one on larger core diameter fibers (20µm).
Characterizations of the 11/130 fibers
Following the work of our previous paper 9 , the results on two fibers are presented here. Figure 3 : Set-up for the evaluation of power conversion efficiency of Yb-doped fibers not studied previously, is called AlPYb. In order to successfully incorporate both aluminum and phosphorus with a vapor phase process, one has to be careful not to mix gaseous AlCl 3 and POCl 3 , because they react together to create an unwanted complex 17 , which condensates before the reaction zone. Figure 5 shows the RIP of the AlPYb and AlFYbCe cores made by the full vapor phase SPCVD. Both exhibit >3mm diameter cores with a slight inhomogeneity both on the sides and at the center (≈1mm) of the profiles. The mean refractive indexes of the AlFYbCe and AlPYb cores are respectively 2.30 and 2.20x10 -3 . The average measured composition of the dopants in both cores is given in Two octagonal double-clad fibers with an 11/130 core-to-clad ratio and a core numerical aperture of 0.08 have been drawn from those preforms and are characterized in the following sections. The octagonal geometry was chosen so that the fibers could be easily tested with on the shelf components.
Preform characterizations
Fiber characterizations
In a first step, the fibers have been characterized in terms of core attenuation at 1310nm. The results are presented in The drawing tension of our AlFYbCe fibers has been optimized in order to lower the attenuation at 1310nm down to 25.3dB/km, which is currently the lowest obtained for this core composition. The AlPYb core composition has been developed more recently, therefore the drawing tension is not optimized, but led to a 64.9dB/km attenuation at 1310nm which is compatible with the production of double clad fibers. The numerical aperture of both fibers is close to 0.08. RI measurement using our InterFiber Analysis IFA-100 optical fiber analyzer on these fibers did not show significant modification induced by the drawing phase indicating that no major diffusion mechanism takes place during the drawing process.
AlFYbCe and AlPYb fibers exhibit respectively a multimode pump absorption of 1.35 and 1.31dB/m at 915nm. The PCE, corresponding to the ratio of the cavity output power at 1064nm versus the absorbed pump power at 915nm, is given in Fig. 6 . It was measured at 78% up to 44W of pump power for a 7.5m long piece of AlFYbCe fiber, and at 71.3% up to 28W for a 8m long piece of AlPYb fiber. These results are in line with the state of the art of similar core compositions made by other processes 18 . Moreover, the M² parameter has been measured at 1.06 for the AlFYbCe fiber and at 1.20 for the AlPYb fiber, at an output power around 3.8W.
The photodarkening phenomenon has been evaluated by core-pumping at 976nm around 10mm long of each fibers during 1000min, and the results are given in Fig. 7 . We observe that the attenuation penalty at 635nm of each core remains low (only ≈26dB/m), compared to the SPCVD-made AlFYb fiber without cerium, whose attenuation keeps increasing. This result shows the major role of cerium to mitigate photodarkening in AlFYb cores compositions, but also the appreciated property of AlPYb cores compositions with an equimolar Al/P ratio to mitigate photodarkening without the need to incorporate cerium 15 . Finally, the 11/130 Yb-double clad fibers made by SPCVD exhibit good lasing properties with high PCE: 71.3 and 78.0% for AlPYb and AlFYbCe fibers respectively. The M² parameters are close to 1.0, especially for the AlFYbCe fiber (M²=1.06). Moreover, both fibers are photodarkening-resistant even though a small content of cerium is needed in the composition of AlFYb cores. We believe that the lasing properties can be improved by adding particularly a small content of germanium to the composition in order to reduce the attenuation of our rare earth-doped cores, as already demonstrated in the litterature 19 . The next section of this paper focus on fiber characterizations of AlFYbCe fibers with 20µm core diameters.
Characterizations of LMA fibers with 20µm core diameter
We present here the characterizations of two LMA fibers with 20µm core diameter. Both fibers have the same core composition: SiO 2 -Al 2 O 3 -Yb 2 O 3 -Ce 2 O 3 -F, but one has a 130µm clad diameter and is called 20/130, whereas the other one has a 400µm clad diameter and is called 20/400. Figure 8 shows the RIP of the 20/130 and 20/400 preform cores made by the SPCVD process. As for previous RIP (Fig.  5) , both exhibit >3mm diameter cores with a slight inhomogeneity on the sides but with a narrower raising of the . The average content of the dopants in both cores is given in Two octagonal double-clad fibers with a 20/130 and a 20/400 core-to-clad ratio and a core numerical aperture of 0.08 and 0.067 respectively have been drawn from those preforms and are characterized in the following sections.
Preform characterizations
Fiber characterizations
The data given in table 4 present the characteristics of each fiber, where the drawing tension is pointed out. Because of the low NA of the 20/400 fiber, the attenuation at 1310nm couldn't be evaluated using the OTDR due to excessive bending losses. As previously mentioned, RI measurement on these fibers did not show any significant modification induced by the drawing process from the preform-measured RI.
20/130 and 20/400 cores exhibit respectively a multimode absorption of 3.31 and 0.37dB/m at 915nm, therefore 3.9m long piece of 20/130 fiber and 27.0m long piece of 20/400 fiber have been used to evaluate the PCE, whose results are presented in Fig. 9 . The maximum absorbed pump power for the 20/130 fiber is 136W, at which was obtained an output power at 1064nm of 100W and led to a PCE of 74.5%. The M² parameter has been measured at 1.53 for this fiber at an output power of 10W. On the other hand, the absorbed pump power for the 20/400 fiber was limited to 155W, and we obtained an output power of 96W. The measured PCE is close to 70%, and the M² parameter has been measured at 1.03 for this fiber at an output power of 10W. At 125W, the splice temperature has been measured below 40°C. The injected power is only limited by the number of available pump diodes, and it would be very interesting to test the fiber at higher powers.
Therefore, the first versions of the SPCVD-made 20/130 and 20/400 LMA fibers exhibit high PCE that are in line with the state of the art. We believe the PCE can be improved through splice process optimization. Although we didn't observe significant heating at the splice locations in our set-up, process improvement on splicing 400µm diameter fibers is ongoing.
Furthermore, the photodarkening has not been evaluated yet on 20/130 and 20/400 fibers, but we do not expect any different behavior from the 11/130 AlFYbCe fiber, because the core composition is similar.
CONCLUSIONS
In this work, we have demonstrated the capability of the SPCVD process to produce various complex core compositions, that is to say SiO 2 -Al 2 O 3 -Yb 2 O 3 -Ce 2 O 3 -F and SiO 2 -Al 2 O 3 -P 2 O 5 -Yb 2 O 3 . We have successfully drawn these preforms into fibers suited for moderate and high power lasers. The 11/130 AlFYbCe and AlPYb fibers have exhibited high PCE over 71% for output powers around 30W, with M² parameters close to 1. Photodarkening has been mitigated in both compositions, using a small content of cerium for the AlFYb core. The 20/130 fiber has also shown a high PCE of 74.5% for high powers up to 100W, and the 20/400 fiber has shown an excellent PCE close to 70% up to nearly 100W. Future work focuses on synthesizing new core compositions for 20/130 and 20/400 fibers and on improving the characterizations of these fibers, as testing them at higher powers. These results show the capability of the SPCVD process to fabricate Yb-doped LMA fibers. We are also studying the SPCVD-made cores doped with other rare earth ions.
